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I(WE3TIGA!JTW OF A31AL-I?IXMFAN AND COMPRESSOR

RC’IY3RSIEIGNEO FOR THREE-lXMENSIONKGFLOW

By A.13khane

An investifption has %een cauducted to detemnine whether three-
dimensional flows may M efficiently utilized In axial-flow fan and
compeasor rotors so that the spantise load distrilutim may be suitably
varied to obtain high pressure rise. Two rotors, one with approximately
uniform and one with solid-bdy downstream tangential-velocitydistri-
butions, were desigaed and tested at the design blade amgle. -al
~eys d total pressure, static pres~, and flow angle were made
upstream and downstream of the test rotors through a quantity-coefficient
renge. Tests of th6 so~d-bo~ rotor were abo conducted at a large
value of tip clearance.

The results indicated that the three-dimensionalflows kay be
utilized with M@ efficiency and that the three-Mmensionsl theory
used in conjunctionwith two-dimensional cascade data is sufficiently
accurate5?or desi~ purposes. The tests also showed that the tip-
clearance losses of rotors highly loaded at the tips are not excessive.
The existing three-dimensional theory in sir@ified form and an illu-
strativerotor desi~ are”presented in appendixes.

INTRoIm-cTIoN

The conventionalmmthod of’bbde desi~ for axial-flow fsas *
compressors specifies a free-vortex type of blsde loadiug, Wch is
characterizedby a flow through the rotor disk that is essentisXly two-
Umensional.. Tests of a series of free-mtiex-designed fans are
reported in reference 1; the experimental results therein show excellent
agreement with the theory. For designs in which a high-pressure-rise
rotor is required, use of spanwise load distributims d3ffering from the
free-vortex type may be desirable. Compressihikty effects may be
appreciable, however, in the deteminaticn of the Dst ~tible lo@
distribution of high-pres~-fise rotors.

When the blade loading is di.fferent from the free-vortex _&’Pe,a
three-dimensionalflow may occur at the fan; this flow results in a

chsnge of axial-velocity distribution from upstresm to downstre= of tie

— - -- . ——--—. - ——— .+.



M.ad3ng. h order to desi~ the rotor accurately, the axial velocity at
.

the blades must le lnmwn. The effect & the ‘bladeload distrilmticm on
the axial-wlocity profile at a rotor and stator was Mtidly detemined (,
h referwice 2 by the soluticm of the Ikler equatians. Tests of low-
so13&Lty fans are also reported ti reference 2. No attempt was * to
load these fans l@@ly at the tips and, inammch as only total-pressure
surveys were made, only J3mited conclusim as to the applicability of
the theory to desifg could be drawn. An alternate method.for the deter-
mination of the acW velocity distribution at a rotor h three-dimen-
sionel flow h terms of the flow angles was presented in British reports
of J3mited circulationbut the labor tivolved In the solution is excessim.

Two rotors with higher loadlng at the tips than free-vortex-type
K&ding have leen desigmd smd tested h the Lengley propeller-research-
tmnnel lal~atory to detemdne whether the three-Unmnsional theory my
be effectimil-yused to design higher-pressure-riserotors. The rotors
were aesj.~a for upstream velocities which wem both axial and umiform
and for approximately constant and “solld-body” downstream absolute
tangential-velocitydistributions. (Solid-bodynotatia indicates a
variation of tangential veloci~ directly proporticmal to the nutius.)
Tests of each rotor were made at the desi~ Made angle through a range
of quantity Coefficient● R@al surveys of total pressure, static
pressure, and flow angle were @ upstream snd downstream of each test
rotor. Tests of the solid-body rotor wem also Cductia at a lerge
value of tip clearance to determhe whether the high pressure rise at the
tip wouM adversely.E&fect the tip losses.

5 exper~tal results aP the present tivestigation are given
herein end are compamd tith theoretically predicted values. The three-
dimensional theory ti a s@iLified form is presented in appeniUx A, and.
a rotor d.esi~ procedure is–illustrated in a &qiLe
appenMx B.

S-YMBOISm coEFFI~

c Made chord, feet

B nmiber of Elades

% (dEtotal-presmue-rise coefficient —
2$

calculation in-

.

,.,

Cz section lift coefficient based on mean relative velocity
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Kp
CP 8tatic-pm3ssure-risecoefficient —

Pn%2
.
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of fan casing, feet

gounds per Oquaxe foot

total-pressurerise, pounds Qer square foot

weighted average total-pnssure rise (ticoqressible flow
assumed), PO- per square foot

rotational speed, zevolutions per second

static pressure, pounds per square foot

static-pressurerise, pounds per squere foot

weighted average static-pressure rise (incompmssible flow
as-d), pounds per square foot

effective exial.
foot

dynandc pressure at fan, pounds yer sqmxe

@-anti@ rate of flow, cubic feet yer sec”ti
5 ~,~

.
WtitY coefficient s.

radius, feet

radius to fan cas~, feet
. . .

h

t-mm., pound-feet
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u

v

Va

x
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absolute tangential veloci@, feet per second

absolute velocity, feet yer second

effective axial veloci~ at fan,

radius ratio {r/R)

angle between effective relatim3
of blade, degrees

st43ger angle; augle %eiween the

feet yer second

enterhg air and.chord J3ne

effective relatiw entering
dr and fan tis, degrees

...
tangential-velocityparameter

efficiancy

(u/&) .

sulmri@x3 :

total-~ressum-rise efficiacy

6%3

()

l~Q
static-~ressure-fiseefficiency —— — —

2YcG@

effective turning angle, degrees

mass densi~ of air, slugs per cu%ic foot

solidity (Bc/~)

(
flow parameter VJo$

tic
(

rement of flow parameter along mdius AVa/aIj)

rotor ang.ikr velocity, mdians per secand

a axial

A a particular radius

B a particuMr radius

h hu%

o atmospheric .
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1 Upwtream of fan

2 downstream of fem

Bar over -01 indicates an average value.

Theoretical comI~m

Flow throu@ a Rotor

In the conventionalmdhod of desi~ of -al-f low ,fanand
compressorELading, the Klades are loaded radially so that no mutual
interference exists b9tween adjacent blade elements. This loaMng is
accomplishedby having the absolute tangential velocities h front of
and ‘beMnd the fan vary inversely with the radius, or
●

‘ constant
u.

r

Because of the anslo~ betwe= this tangential-velocityfield and the
radial.variation of veloci@ due to a Ike vortex situated on the fan
axis, rotors desi~d in such a manner ex’eknown as free-vortex rotors.
The flow through free-vortex 13kd3ng ti ticompressibleflow is essenti-
ally two-dimensional b character; no radial velocities occur ti the
flow fieliloutside the boundary-layer regions. Jh incompressibleflow,
therefore, the axial velocities at a particular radius are the same
upstream and downstream of the fan when the flow area is cmstant. A
free-vortex rotor is also characterizedby a uniform total-energy rise
across the annulus.

When the Klades are loaded in a manner different from the free-
vortex manner, radial velocities msy be tiduced h the flow through them,
and, if so, this flow is therefore of a three-dhmsional nature. It
sho@iL be pointed out that it is possi%le h some cases to oltah a two-
Umensional-type flow with non-free-vortex kaOa Ihi13ng. Consider a
rotor loaded so that the d3rection of the Wal velocities is outward.
The flow streamlines are therefore deflected outward. (See fig. 1.)
The flow reaches a radial equilibrium t)ehhd the fan when the pressure
forces balance the centrifugal forces of the rotating flow. The ~el
velocities have ticreased at the outer radii sad decreased at the 3mner
rad3io Reference 2 shows that, upcm assumption of an inf~te nuriberof
blades, an inftiitesjhallltldn rotor disk, and a systmn of tra~ng
vortices that extend downstream to infinity in concentric cy13nders, the
~ffe’btiveaxial.velocity at the blade Va is the mean of the axbl

—-..——. .. . . . _____ .._ _ ———. —_______ _______ ... —— .——_.—.— ——. - —.—
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velocities at
This relation

points upstream Sna
is eqmessed in the

Va =

..

downstream where equilibrium exists.
following equaticm:

V’al+ va2

2
(1)

The deterndnaticm of the axial-velocity &Lstri_buticmat the blades,
as givan in referenoe 2, is presentedh a simplified form for a rotor -
and stator h appendix A. The theory has been presented for an incom-
pressible fluid, %ut the result is identical for a compressiblefluid.
The awlioation & the theory is illustrated ti a sam@e three-dimensional
rotor desi~ in appe~ B.

A higher presmnw rise may be obtained by loading the rotor higher ,
at the tips than the correspondingfree-vortex loaded rotor. The inorearn
of total-pressure rise theoretiodly obtainable by loading a rotor, the
upstnmm flow of which is uniform and.axial, so that the tangential-
velocim distribution downstream is either of @e uniform or solid-body
type is shown in figure 2, wherein the more.heavily loaded rotors are
compared tith a free-vortex loaded rotor that has the sam value of
tangential velocib at the hub. The solid-line ourves are plots of the
apprmimate fommdm derived in appenUz C. The daahed ourve was comput~

aiR
exactly for a solid-body rotor openting at — = 1.75, with

‘al

()%2—= 0.60, by weighting the total-ymssure rise with the velocity
‘al

h
distributim determined from equation (7). Results obtained with exact
end approximate methods were in good agreement. Figure 2 indicates that
extremely large increases of pressure rise mey be obtained with a solid-
body rotor at the lower hub-tip rdh.m ratios.

App130ation of Cascade Data to Three-lMmensional-Flow

Bl&ding DeSi$Q

Because of the two-dimensional.nature of the flow throu@ a free-
vortex fan, the flow through the rotat,ingKLades at a given radius is
snalogous to the two-ti~nsioti flow through the corresponding oascade
of airfoils (reference3). The static-pressurerise @l the total-pressure
rise resllizedin an incompressible-frictionless fluid nay be written as
functions of the stagger angle ~ amd the turrdng angle G; they are
(see fig. 3(a)):

.-. ———.—. _ ._ ...__ ______ ———— .. —..- .-. ——____ ._________ _____
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When the axial velocity varies through the KM_es, as in three-
dimenaicmal flow, the flow is no longer similar to that through a two-
dimensional cascade. The actual flow could most closely 30 approximated
in a cascade tunnel, in which the test-section flow area was varied by
tiverging or cmverging side wa13s. Cascade data M this nature, however,
are not available at the present time. ~ the absence of complete experi-
mental informatim use of two-dimensional cascade data should ha possible
with the qualificationthat the stagger and turdng angles are to be
,computed relative to the mean axial velocity, as shown in figure 3(b). The
egyations for the static-pressurerise and the total-lq3ssme rise are,
accordhgly,

(2)

(3)

Al?PARA!rus

Test Setup

The general arrangement of the test setup a modification of the
teqtipment of reference 4, is shown in figures end 5. The fan KlmIes were

mounted in the 24-Klade hub used in the tests & reference 4. The power
for the fan was supp13ed %y a ~-horsepower, water-cooled, alternating-
current electric motor. The fan ca8ing at the test section was of rolled
and welded steel plate bored to a diameter of 2Z tithes. The rad3al-survey
instrunmnts wem mounted in this casing 4 inches ahead of md behind the
rotor center W and were spaced about 120° apart. The rear survey
instrument was located a%out 1.4 chord lengths beklnd the Made ~’

—.- -—. —... _. —.,. . . ___ _. _.._ .._____ ..__ ______
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.
edges. w ~truments (fig. 6) consisted of a totd.-pressmm tube, a

1
static-pmsmsuretu%e, and a yaw head mounted in a single &inch tube

that could %e moved along and rotated a~out a radial exis. A scale and
calibrated-oh yermittea the reaMng of * radial.yositim f3fthe tube
to 0.001 tich, and the angular Iosition of the tube could le read on a
~rotractor and vernier to O.1°.

. .

Prelhdnary tests with the %ell Net of reference 4 W-tea that
severe fluctuations of flow existed - that these fluctuations prevented
accurate anguler remHmgs with the yaw heads. An inlet with a 10:1 sxea
contraction and three screens was then ~tdba and found satisfactory.

the
The Ufuser and throttle downstream were the same as thclseused in
tests of reference 4.

Test Fans

The rotors investigated are designated fems 1, 2, and 2a. The tiy
clearance of fans 1 and 2 was about 0.015 inch. The tip clearance of
fan 2a was about 0.063 inch; in other zeqects fem 2a was identical.with
fan 2. Each fan consisted of 2~ _Nhdes af constmrt chord equal to

2.32 inches and of ncmdnal span equal to ~ inches. The ratio of the

hub end tiy radii was 0.69. The solitity at the pitch sectim (located
hsll%ay ‘betweenthe -er ~a outer walls) was 1.0. The blade sections
were of the 10-~ercent-thickM(ll 65-series KLOwer-liladesections
tivestigated in cascade in references 3 ad 5. Drmings of the blades
are shown b figure 7 ‘endthe section ordinates are given in tilile1.

,

Fan 1 was desi~d for a constant section lift coefficient Cz ~

M 0.7 almng the ~~e at a ~ue of -thedesi~ quantim coefficient Q/I&
of 0.587. This c~ d.istrfbutioncOrrOs-pOnaedto an approximately

constant absolute tangential-velocitydistribution dowmrtream of the
blades at the desi~ point. A second fem with the same solidi~ as that
of fan 1 was designed for a solid-lody tangential-veloci~ distribution
at a value of Q/& of 0.587. 2relimirnarycalculations Iodicated that
a slightly twisted blade with unMorm section sll.ongthe span Wmd give
the desired result. For simplicity of cmstruction, therefore, fan 2
was btit as a straight %~e with the w 65-(M)1o blower-b~e section
along the span. The blade characteristicsand theoretical performance
cheracteristiceof fans 1 @ 2 are ~resented in figwe 8.

TEST MECHOD

.

Before the actual fen tests were @e, the static-pressuretube was
calibrated to determine the titerference effects. The yaw-head zeros were
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deterndned by remov3ng the test fan, seaMng the gap, and drawing air
through the setup with a blower.

The tests were conducted at a fen rotatimal speed of about
3000 rpm The quantity flow was regKLated with the exit throttle. At
each of from 18 to 20 stations along the radius~ $he frent and rear
survey tubes were rotated until “mill” readings were obtained on the
U-tube manometers connected to the yaw heads. Readings of total pressure,
static pressure~ survey-tub radial position and angle, Wet- * dl’Y-lltih
temperatures, and rotational speed were then taken. The barometer was
read before snd after a mn. lkmsmnch as the speed aP the drive motor
Wed to vary during a test9 readings were taken only when the ro@timal
speed was within ~10 rpm of that specified for the test.

The power input yas me~d by the amount o: rotation put into the
air. The quantity flow~ the total-pressure rise,and the static-pressure
rise were determbmd by integration of the survey measurements.

The tests were conducted at a Reynolds number (based cm blade chord)
of approxhnately 350$000 and a Mach nuriberof about 0.24. These values .
of Reynolds number ~ lkch nunber were both based on mesn relatim
velocity.

REs—uLm m Im3cussIoIl

Over-All Fan Characteristics

The fsn-characteristic curves of the three configurations investi-
gated are preseqtid in figure 90 Coqarison of the experimental.coef-

ficients at the d.es,iguyoint
e=005Q)-titbtieOretic-

predicted coefficients of fsns 1 and 2 are shown h the following table:

Fan 1 Fan 2
Coefficient

Theoq ~erimmt Theory Eqerimnt

% 2.43 2.63 3058 3.51

% 1.99 1.97 2.56 2.48

% .240 .258 ~ .352 .348

~= ------ 9935 ------ .942

Vp ------ .718 ------ .666

.— -—-.—-.. -.——..-. -——_. _— ______ __ —. -.— ..
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The agreement between exp&iment and theory is considered good. The
high values of total-pwsaure efficiency obtain&l hmkka that no
large nddn loss is associated with the three-dhwmimal flow.

The effect of the increased tip ckmrance of fan 2a was to
decrease the value of q= at the desi~ yoint about 3 percent. FanE

loaded highly at the tips do not appear to he su%ject to excessive tip-
clearance losses.

The surge yofits of fans 2 and 2a, as indicated by the smaJlest
Wti@ coefficient at which data could he takm, oc~a .atvel.ues

of Q/m13 of about O.~0 and 0.52, respectively. These values indicate
that the effect
operating range

Fsnsl anil

of
of

the increased tip clearanc6 was to reduoe the
the fen.

surveyB

2.- The results of the survem of fans 1 and 2 are
presented in figures 10 and XL, respectively; aa ylots of the radial
distributims of the total.and static pressures in front of and behhi
the fans, the tangential and axial velocities downstream of the blades,
and the stagger and turning angles, each at seveml values of the quanti~
coefficient Q/n@.

The distribution of total pressure.upstream of the fans (figs. 10(a)
and 11(a)) was essentially tiorm outside the hundary-layer region.
The total-pres~ distributions dowcatream of the ‘bladesare characterized
by low-energy regi~ at the walls, which are the result of losses due to
secondery flows, tip clearance, and the rotathg hub. These distribution
also ~cate that the Elade load3ng is sMfted. toward the tips as the
W*i@ flow is deczwased.

The static-pressuredistrilnztionsupstream of the fans (figs. 10(b)
= lJ-(b)) were essentially uniform. ‘Thesudden rise of static-pressure
coefficientn9ar the %oum!larie&appears to be the result of wall inter-
ference on the static-pressure-tu%ereading. The static-pressure
gradient downstream of the rotor ticreases with decreasing quantity coef-
ficient. This increase
when radial equiM%rium

is as expected, since the static-pressure gradient
is attdned (see equation (6)) is

ap2 U22
—=P2y
&c

and U2 varies di&ctly with the loading.

●

— -.. ———— —––
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The survey mmsurements indicated that the tangential velocities
upstream of the rotor were essentially zero. The tmgential velocities
downstream of fems 1 and 2 are presented in figures 10(c) and il.(c). The
tangential velocities downstream of fan 1 decrease genemlly with distance
from the inner wall, wher&s the tangential vdocities downstream of
fan 2 show a general increase with d.istzuuiefrom the inner wall.

The upYtream total-pres- and Static-pmmum aistributimls of
figures 10(a), 10(b), Xl.(a),emd I-1(b)indicate that the axial-velocity
distribution ahead of the rotor was essentially udform Distributing
of axial velocity downstream of fans 1 and 2 are ~resented in figures 10(d)
and.U(d). The pof iles are dl characterizedby low-velocity regims at
the walls. At a tiue of Q/@ of 0.71.0the exial velocities downst~
of fan 1 are essentially uniform. A% values of Q/n&’ less thsn 0.71.0
the axial velocities outside the boundary regions increase with distance
from the inner wall, whereas the reverse is true for values of Q/@
greater than 0.710. The axial.velocities downstnmn of fan 2 increase
with distance from the Inner well throughout the entire qerathg range.
The axi~-velocity gradients of fan 2 were larger than those of fan 1
inasmuch as the tips were more heavily loaded.

The stagger-eagle distributions of fans 1 end 2 are presented in
figures 10(e) end Ill(e)..The rise of stagger engle near the walls is
associated with the axisl-velocity defect in the boundary regions. ~
geneml, because of the steeyer axial-velocity gradients of fan 2, the
stegger-angle distributions of this fan are flatter then those of fan 1.

The turnbg-angle distributions of fans 1 and 2 am shown in
figures 10(f) end n(f). These distributicms are Cheracterlzedby a
shary ticrease and then a decrease of turning angle near the tier well
and a decrease near the outer wall. The rise of turning amgle near the
inner wall is probably the result of an increase of angle of attack on
the blade section, which is caused.by the low effective axial velocity in
that region. The decrease of’turning angle inumdiately adjacent to both
walls occurs probably bemiuse of the predominating effect of the losses
close to the wall. The turning angles of both fans decrease h general
with distance from the inner well, but the gmdient is sldght for fan 2.

Comparison of desigu-point,expezztmentelsurveys with theoq. - A
Colqsriscm of tie experbnentsl survey results at the desigu petit with
the theoreticallypredicted values is shown - figures 12(a) end 12(b)
for fsns 1 snd 2, respectively. The downstream sxial-veloci@ and total-
pressure-rise gradients obtained experimentallywith fan 1 dMfer
slightly from those predicted because “ofthe deviation of the exyerimntzil
end.theoretical tangential-velocitydistributions. The downstream exieL
velocity, total-pressure-rise,and tangential-velocim -ents obtaimd
with fan 2 show good agreement with the theoretical slopes outside the
boundaxy regions. For the hub-tip r~us ratio of these tests ~xh = ().69)
the boundary-loss effects uyon the total+pressure-riseand axial-velocity

#-. —-----.- — .- .—— — .-— —— -————-——— -— .. ..— ———— — — —..—.——
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.

distrilnztionsappear to be secondary to the effect of load distribution.
The agreement between the theoretical and experimental values is consid-
ered good and indicates that the three-dimemianal theory may effectively
be used for desi~ yurposes.

calculations of
deei~ point of fana
equilibrium

the downstream static-yressum gradient at the
1 “and2 were made by use of the equatia for radial

[

% *2

P% -p%. P2 — ar
,r

rA

and qerimentally Ob_a values of tangential veloci~. These values
we compared with the me~a f3titic-p~6~ aistributi- in figure 13,
the theoretical.curve hmlng leen sr%itrarily placed so as to intersect
the experimentzilToints at the center of the annul.us. The resultlng gOOa
ee~t m~*s tit wa. e@Hbfim existed at the rear survey
station.

JKfeot of increased tip clmxance.. The results of the surveys of
fan 2a ere Tresented ti figure IA. The distributions are similar to
those of fan 2 except for sMght irregularitiesnear the outer wall. Iil
figure 15 surveys & fans 2 and 2a axm compemd at a value of Q/m@
of 0.585. The values for fan % in figure 15 were Ob*a by inter-
polation. The increaaed ti’pclearance decreased tie total-pressure rise
and downstream axial velocities near the outer wall. Iimanmch as the
WMty coefficientswere the s-, the axial velocities downstream were
-r for f= ~ ~ for fa 2 throughout the mmalnder of the annulus.
This effect decreased the angle of attack, the turnhg aqjlej and there-
fore the total-pressure-risecoefficient in the inner region of the
annulus. The coqarisonE show that, for the tip clearances tivestigateq
the three-dimensionaltheory could le used with similar accuracy for
large and small tip clearances.

An
i@ry of

CONCI?JSIONS

investigation b the Langley propeller-research-tunnellabora-
two axial-flaw rotors, one with appr~tely uniform snd one

&th solid-body downstream ta&ential-vel~~ity distr~butions indicated
that:

1. High-efficiency axial-fan and caqressor KLad3ng may be
desigxxl incorporating three-dimensionalflows; the use of such flows
ellows variaticm of spanwise load di.stri%uticmto ob~ higher pressure
rise.

. ..- . ... .. -—-————-—————
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i

2. The three-dimensionaltheory used in conjunction with two-
dimensional cascade data is sufficiently accurate for design purposes.

SO The tip-clearance losses of rotors loaded highly at the tips are
not exceesive.

Langley Menmrial Aermautical Laboratoq
National Advisoq Committee for Aeronautics

kngley Field, Va., &oh 10, v48

—.——-—..— —..——.—— -—-—-—--—— -z— .. —- . . . ..— —. — .
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APPENDIX A

AXIKG-VZLOCITY ~ON

mTlmEE- D135TSIONAL I?mw THFmGH

A ROTOR KJ!JDSTATOR

Consider the flow of an incompressible
total-pressurerise of the flow in a stream
Mler”’s tau%ine formula (reference 2) as

fMid through a rotor. The
Inibemay ye expressed from

(4)

En this equation the radial displacement of the stream tule is neglected.
~smmh as

?V
2 p2

‘1 =p~+
2 al + 51

2 p2
‘2 %

‘P2+2% ’22

equation (4) csn %0 written

-.—-
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Differentiating this equation with respect to the radius results in

[

d(yp$) fq-iwq
=W dr-ar 1

(5)

12Fstations 1 and 2 are chomm at potits where radial equiMlmium of the
flow exists, the pressure gradient of the rotating-air particles Imlances
the centrifugal force due to rotation, or (see reference 2)

~bstitutim of equatian (6) h equation (5)

%2 ‘%2=+h=l -%=’%)]+‘alv

2U1 * %22
+— -yar

r

btegration between the limits of radii rA

(6)

results in

and rB gives

[

%2U1
+2 yar-2

A

.

.
(7)

——.. —.— -— -———— ---—- ——. ——— ——— - .. —-_ —____ ___ . ..__ _
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Equatiou (7) ~cates that, when the conditions uystream of the rotor
snd the downstrea’ tangential-vel.ocititistrilution ae Wren, tie
difference in axial velocities at two radial yositims downstream of the
fsn may be determined. With the titroauction of the Mmensionless

P~ ters

equation (~) becomm

+ (J-w:)+& -%:)- (42-%-3

+2

When a functional

r’12/“r792B 2.
yax-2 ydx

rA

.

(8)

relationship exists between 79 and x, the integrals
in equation (8) my he eval.ua~edsnalyticdlyj otherwise,-a graphicfi
integration can %e performed. The integrals may aLJo be evaluated with
good accuracy by considering the area under the curve a trapezoid, or

For most purposes it is also sufficiently accurate to aasuzm a value

of n= = 1.00.

The axial-wlocity distribution is obtained by first solving for the
~ferences of the yammeter 92 ~cmg the raiiiusby use of equation (8). “

—.. —.__— —.- . — . .——.
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When a Ap2 distribution is kmwn~-the q2 variation that satisfies

the

can

the

the

T2

equation of continuity

pl.o fll.o

J Plql dx2 =

J

P#P2 dx2
2Xh xh2

be deterndned. (See appendtx B.) When a 32 distiihution is lmown,

q2 distribution can be okdained Mrectly. When it is required thei

axial-velocity distribution of a particular rotor be calculated, a
distributionmst be aEsumed and the correspon~ 792 distribution

calculated, until by successive approximations distributions of 92

and 792 are obtained that satisfy all boundary and flow conditicms.

Usually only three calculations are necessary, amd the labor is by no
means prohibitive.

The axial-velocity-distribution
through a frictionless stato~ mey be
equation (7) as follows:

equation for three-dimnsional flow
determhed by setting m = O in

9%2 (-92*2= 91B2-%*2)(+f11B2 )(-%A2-42_32% 2A
)

[

%6 $12

/

q 422

+2 -#x-2 —dx
x

1A . lrA

The value of u used h the dl.mensionlessparameters q and O b the
foregoing equation may be that for the rotm used in conjunction with
the stator. The actual velocity distribution is again found by satis-
fying th9 continuity relation.

——_——.. ___________ —————._ — — .-—. .—— ____ ______..____
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APPENIIIXB

~DISIGNCll? ATHREE-

IKMEWSIONK!XKLOW ROTOR

W order to illus~te the use of the three-ttmensional-flow
equaticms of appenMx A, a rotor with solid-%ody tangential-velocity
aistmilution is aesimled. The flow is assumed to %8 imcompressi%le
and frictimless and-the velocities upstresm
to be tiorm sml axial. 5 folloKblg data

of the rotor are assured
~ -O u-a:

. . . . . . . ..** 0.60

Axial veloci@ upstream of rotor, Va~j feet per secti ● ● ● ● ● ● 200

Peripheral velocity of tip, mR, feet per second . . . . . . . . . . 3W .

Hul tangential

per second

(
soliai~ a =

velocity downstream Pf rotor,
%’

feet

. . . . . . .* .*** .= .*.* .* **** ● ** 90
Bc

2J
—0 . . . . .. . . . . . . . . . . . . . . . . . . 1.0

The design cmputatims ere sham h talle II.

The determination of the Wal-veticity distribution is accomplished
ly us- equation (8) aP a~eniUx A. For solid-lody tangential-velocity
distribution downstream of the rotor, unMorm and axial entering veloc-
ities, and frictionbss fbw, equati& (8) reduces to

since

(9)

“

,

-—
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The change fi P2 is determined from equation (9) between the radial

~ts ~ ad rA corremm to ~ = 1.00, xA = O.m,

tixB= O.&), XA . 0.60, re~ecti~e~. The results are a8 follows:

XB = 1.00
‘A = 0.$3

!?% - T2A = 0.135

%3= O.ao XA . 0.60

9% - 92A = 0.2.05

A plot of Lq2

to Oatx=

the integral

then made with Ap2 assumed

is determined by graphically

1.0

W—2=~
[

Aqp (3X2
1 - Xhp

h2

.

4

-.--—— -.-—— . . ..— —-—.—. —-——-. —..-. —_____ ___ __

equal

evzil.uattig

(lo)

_.— — ..—
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Values

at the

Valuea

NJICA!ITJNO. 1652. .

of q12 that satisfy the conttiuity rehtian are then determined

three radii by use of the equation

of stagger angle ~ and turning angle t3 that satisfy the

(u.)

.

r9g@ma ope=ting coniMtion ere found and the rotor yerfomanoe is
oalculatea. The Made sectians were selected from the design darts of
the TJILCA6~-series blower-~e sections (reference3).

.

*

— .—..— - —- —
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KE’Plmmxc

DWREASE OF TOI!AL—PRESURE RCSE ~ WIKCKSOIJD-B~Y

AND CONSTANT-TANGENTIAL-VELOCITYRoTm

The weighted average total-pressure rise obtained with a rotor
having umiform tial enterhg flow is, if frictimless incompressiliLe
fluw is assumed,

==:

[

For a free-vortex loaded

Q R

r%2V~ dr

h

constant-flow-arearotor

‘2 =

-?*.

Substituting h equation (12)

C!onst%m . “~rh

r r

‘al = constant

leads to

J.L

= Wl%xkh

(12)

(13)

— ---—- .-. — ___ ___ __—..__ --—— —. .-. —.. —-—
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.,.

An expressicm for the,total-pressure rise obtainable with a rotor
loaded in the solid-%ody memner is detemnhed by substituttig in
equation (12) the followtng:

‘2 =Constantxr

_%hr

‘h-”

ThU3

c

“.

(14)

*

by determining tie V%.The integral h equaticm (14) may be evaluated

distributim for a particular rotor frm egyation (9) in appendix B.
Equatia (14) may be evaluated approximatelyby considqtig

vap = Val = constant

or

(15)

.
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The ratio of the total-pmmsure rise obtainable with a solid-body rotor
to the total-pressure rise obtainable tith a correspondingfree-vo~
rotor with the same tangential velocity at the hul is appraxhately

(16)

Similarly, the energy rise obtained tith a constant-tangential-velocity
rotor is apprazimaGfi

m2=Cmtsmt

2
1 - Xhs

z—
3

@uR
2h I

- %2

and the ratio d energy rise is

(17)

. . . .. .— —__ —_______ ._ .__. -a ~ -—— —...—— —.-____ ...._
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TAELEI

WADES2CTIOEORDIHATM

I

IJMA65-(5.5)1obbw-bl~ •aot:~
uppOrsurraoe LowP stmfaoe

stationOrdinate station@l’’ulmte
(fi.) (In.) (in.) (in.)

0.008 O.ozo O.oti -0.0
.01
.02

.022 -,02

:% ::% &
-.01

8
.02

J&:
:33

# “$ ?

-.035
.105 ●239

::%
8 :1

: 52

f
:og -.049

j~f -.050

:3
. 15

%

.90

4
%&

1. 3 .l13j’ 1. 5
1. 0

::% :;! ~$j
-.04
-Xlg

;:~; :150 -.ola

;:i5$
:% ;*~3; “:::

Lfl
2.090 ,% ih 0::3
2.zo5 .023 2.m .Olz
2.3= .003 2.319 -.003

LE. radlues0.015 T.B.radluax0.003

MA3L65-(9.5)1oblows-blades.etl~

~pu mrfaoe Lower aurfaoo

station Ordinate Staticm Ordfnate
(in. ) (in. ) (in. ) (in. )

0.005 O:;g 0.018 -o.o1.1
.O1o .025 -Oola
.Oa -.013

:!!?
::$~ ;;:

1

-.01
-.01

.I.62 .10 -.01
.128

2! ~ :% ~:~~
.160
.18

.571 .589 “.007

.689 :%9
:%{

-.005

3
-.002
.001

::&
:gf :% .004

.009
1.278’ 1. 4

:3
1.3

.015
1.395 .022
1.512 :.# .o~
L629 .1~
1.745 .155 1:735 :8
1.86

2
.130 1.82 .

l.g .?1.98 $&
29091 ;~~ 2.085 :040
2.206 2.a2
2.321 2.319 -::3

L.,E. radius: 0.015T.E.radIue;0.003

HMA 65,-(7.5)10blmm-bl~ SeatIon

upper aurfaoe Imer mrfaoe

StatIon ordinate St atlon ordinate
(in. ) (lIl.) (In. ) (in.)

0.006 O.oa 0.017 -0.OIZ
●o12 .026 .02

0$
-.02
-.0

.022 .035 .0

.050 .052

.lq
:3;

-.019

.I.65
:’4 -*O*

:q
-.025

;! g & :?
●W .235

$

-.o&
::9:

$
-.021

:p :$ ‘$4 :3

1.
$

.021

?97;
::3; ::$g

.Oq
:% .Op

200Q
J

.042 2.0 .028
2. 5 .03-6 2.203 .019
2.3zI .003 2.319 -.003

=. radlua~0.015 T.E. radluaz 0.003

IUOA65-(12)10 blmer blade-aeotjon

w ntlrfaoa timer surfeoe

Stathn ordinate S%atlon Ordinate
(In. ) (In. ) (in. ) (In. )

0.004
:03

0.01
.02?

-0.009
.009

g 0;
-.009

.09 .039 -*W

:!?$ :q ‘:%
:a~ “
!?“9 ;g ;~g !jj
.687
;80;

k%
g # :g

~.m .
1.396 .053

::?l:

?$

:& :!i$
;~;

1. .lal 1.34
1. 2 .153 1!1.50 :$2
1.g? .122 1.967 .065
2*09

1?
.089 2.084

.02

.05
2.al .052 2.zo2
2.3Z .003 2.3M -.003

L.E. radiua: 0.015 T.E. radius! 0.003

NATIONALADVISO~
CO?MITTEEFOR AERONAUTICS
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ILLIB!ITUi!l!IVE ROTOR DIL91&

Item souroe hhxil.atedvalues

(1) X=2 Speaifle& 0.60 0.80 1*OO

(2) ~ =u~
*

$2=$X $ .30 .40 .50

Val
(3) q = -~ Speeified .667 .667 .667

(4] AT2 Xquatiod[9) .0 .105 ●d@

(5) @2 @llat@n (10) .120 .l.a .120

v
(6) q2 = # Equation(il.) ●547 .652 ●?w

~ 01+92
(7) q=:== Item(3)+ Item (6~

.607 .659
2 ●7V

(8) tamp=: Item.(1L
I* (7)

.9&l 1.213 1.374

(9) tm (i - 8) Item(8)= M .49k .606 .686

=tan $-$

(10) Ap/~ Equation(2) l.u?l 16156 1.089

(11) AH/qa Equation(3) .975 1.476 1.892

(12) hP\Ml
2

Item (10)Ibm ‘7) .93 1.13 1.29
Item (3)2

(13.)@la~ tern 2
0.82 1,44 2.25Item (U) ~tm j~~2!

(4) P, deg tan-l Item (8) 44.6 50.5 54.0

(15) 8, aeg Item (14)-
ten-lItem(9) 18.3 19.3 19.6

(ti) ~=~ Speoifled 1.0 1.0 1.0

[17) Doaigmcamberof. Items(4), (15),(~), 1.00 1.20 1.25
liAOA 65-series fig.@(a) of
blower-blade reference3
sectlona

[18) a, deg Item (14.),(16),(17), 13.5 4.8 15.2
fig.~(b) Of
referenoe 3

[19) Bladeangle,deg Itmo(18)+ 58.9 54..3 51.2
- Item (4))

NATIONAL ADVISO.W
CO$ULITTKEFOR AERONAUTICS

—. —. —



NACA TN NO. 1652 27

I

(a) F/ow Sfmumhes.

1

u,
●

L

‘r

rRO+O~ Atu7fe

17

Aid’- vebci+y @ofiX&5.
NATIONAL ADVISORY

tOMMITTEE Fori AERONNJTiCs

Figure 1.- Flow streamlines and axial-velocity profiles in
three-dimensional frictionless flow through a rotor.

.
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.

App~oXl~&fGppefld/2 C)

— —Exaii fir +=L75, u =060
/ p)

“ %

\

i 2=coA’..7f..f~r*

/
I , ,

NATIONAl ADVISORY
ConHm FORAERONAUTICS

.6 .7 .6 .9- 10
Hub “f;/o rue?-.us Z-u+;o,z~ = g

Figure 2.- Increase of total-pressure rise obtainable with
‘rotors having solid-body and uniform tangential-velocity
distributions as compared with total=pressure rise obtain-
able with free-vortex loaded rotor. The same tangential-
velocity parameter at the hub is assumed for all three
rotors.

. ....— .—. .
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(a) Constant axial velocity.

Figure 3.- Typical rotor velocity diagrams.

--

(b) Varying axial velocity.
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(a) Complete teet setup.

Figure 4.- Views of teat arrangement from entrance end, u
P
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&-------””’ +

(b) Entrance removed.

Figure 4.- Concluded.
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Figure 5.- 6chematlc drawing of teat arrangement.
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(a) External view.

Figure

P

(b) Survey tube in duct. (c)

6 .- Views of survey instruments.

Detail view of survey tube.
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(a) Plan form,

%
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khv 5B
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\

NATIC#M, ~

Cm!ml-m ml AIumurrKs

(b) Fan 1 blade sections, (c) Fan 2 blade section.

Figure 7.- Drawing of rotor bladea.
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,

0 ,4.c5L2L6ZOZ42”=

Dkhnce fmm inner w/~ />.
.

(a) Blade characteristics.

Figure 8.- Blade and theoretical performance characteristics
of test rotors.
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‘a

(b) Theoretical performance characteristics.

Figure 8.- Concluded.
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(a) Fan 1,
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(b) Fans 2 and 2a.

.F=ro

Figure 9.-
P

Over-all characteristic curves of fans 1, $
2, and 2a.
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, ,, cowmm m
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. 0 .4 .8 LzL6z024B&
D&once f~ jnmr wu//, ;Q.

(a) Total-pressure coefficient.

Fieure 10. - Fan 1 survey re~ults. Design .~- = 0.587.
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(b) Static-pressure coefficient.

Figure 10. - Continued. Fan 1.
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Distunce fm AY7er wdl~ in.

Figure 10. - Continued. Fan 1.
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Figure 10. - Concluded. Fan 1.
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ta) Total-pressure coefficient.

Figure 11.- Fan 2 survey results. Design -*3 “= 0.587.
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.

(b) Static-pressure coefficient.

Figure 11.= Continued. Fan 2.
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(cl)~1-velwiw ratio downstream of rotor.

I I I I I I I I I I I I

Lkvt7..e

Figure 11. - Continued. Fan 2.
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Dis7%nce f~ An-wu/~7n.

Figure 11. - Concluded. Fan 2.
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w’ /6

1-

Figure 12. - Comparison of experimental surveys with
theory at design point.
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e o .4 .8 ~245z02#Ba2
Dk%ce fmm inner W//, h

(b) Fan 2.

Figure 12.- Concluded.

.



Figure 13. - Comparison of experimental and theoretical
8tatic-pre8EIure gradlenta downstream of rot or.’

.
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(a) Total-pressure coefficient.
.

Figure 14. - Fan 2a survey results.
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Disiu~ fw inn9- w//, inaE-~~&G

(b) Static-pressure coefficient.

Figure 14.- Continuede Fan 2ao
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Figure 14.- Continued. Fan 2a.
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Figure 14.- Concluded. Fan 2a.
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Figure 15. - Comparison of fan 2 and 2a survey results

Q
at =3 = 0.586.

NACA -LaIr31Ry Field, Va.
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